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We show how gravitational-wave observations of binary black hole (BBH) mergers can constrain
the physical characteristics of a scalar field cloud parameterized by mass µ˜ and strength φ0 that
may surround them. We numerically study the inspiraling equal-mass, non-spinning BBH systems
dressed in such clouds, focusing especially on the gravitational-wave signals emitted by their merger-
ringdown phase. These waveforms clearly reveal that larger values of µ˜ or φ0 cause bigger changes in
the amplitude and frequency of the scalar-field-BBH ringdown signals. We show that the numerical
waveforms of scalar-field-BBHs can be modelled as chirping sine-Gaussians, with matches in excess
of 95%. This observation enables one to employ computationally expensive Bayesian studies for
estimating the parameters of such binaries. Using our chirping sine-Gaussian signal model we
establish that observations of BBH mergers at a distance of 450 Mpc will allow to distinguish BBHs
without any scalar field from those with a field strength φ0 & 5.5 × 10−3, at any fixed value of
µ˜ ∈ [0.3, 0.8], with 90% confidence or better, in single detectors with Advanced LIGO/Virgo type
sensitivities. This provides hope for the possibility of determining or constraining the mass of
ultra-light bosons with gravitational-wave observations of BBH mergers.[This manuscript has been
assigned the preprint number LIGO-2000375]
I. INTRODUCTION
The gravitational-wave (GW) detector network com-
prising the Advanced LIGO (aLIGO) and the Advanced
Virgo (AdV) interferometers recently launched the era
of GW astronomy. The landmark observation in 2015
of a GW signal from a binary black hole (BBH) merger
and the subsequent additional detections of binary merg-
ers that followed during the first two observational cam-
paigns (O1 and O2), including a binary neutron star
(BNS) system [1], have put GW astronomy on a very firm
footing. Moreover, during O3 GW candidate events have
been released as public alerts to facilitate the rapid iden-
tification of electromagnetic or neutrino counterparts, ex-
panding the capabilities of multi-messenger astronomy.
A significant number of candidates have been publicly an-
nounced on the GW candidate event database 1 and some
confirmed detections have already been published [2–6].
Accurate computations of the gravitational waveform
of a compact binary coalescence event, especially in the
early inspiralling stage, yield a plethora of information
about the binary and the physics of its components.
While large banks of waveforms are available for BBHs,
and also for BNS mergers and BH-NS systems, relatively
1 gracedb.ligo.org
less information is available about possible departures
from those waveforms if the binary components were ex-
otic (yet physically plausible) compact objects, e.g. bo-
son stars, Proca stars, gravastars, fuzzballs or wormholes.
However, there are ongoing theoretical efforts to investi-
gate them [7–11]. In particular, the merger of binary
compact objects formed by fundamental bosonic fields
has been explored in several works, including head-on
collisions and orbital mergers of boson stars, oscillatons,
and Proca stars [12–22], The potential of GW astronomy
for new discoveries might eventually shed light on the
actual existence in Nature of those theoretical proposals.
Using GW observations as probes of new physics is
challenging but they also provide a brand new experi-
mental channel to try and find answers to the biggest un-
solved problems in fundamental physics (see, e.g. [23]).
Some of those are the nature of dark matter and dark
energy, the physics in the early Universe, and possible
extensions of the Standard Model. A well-known exam-
ple for physics beyond the Standard Model is provided
by ultra-light bosonic particles. The masses of the ultra-
light bosons of the string axiverse can range from 10−33
eV to 10−10 eV [24]. Even though their masses can be
smaller than those of known particles, their existence is
possible if the coupling to ordinary matter is very weak.
In particular scalar fields surrounding supermassive
BHs in galactic centers have been proposed as candidates
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2for dark matter [25–28]. This model assumes that dark
matter is composed of bosonic particles that may conden-
sate into macroscopic objects around BHs. The justifica-
tion for this proposal requires long-lived scalar-field con-
figurations. Their dynamics and lifetime have been stud-
ied both in the linear regime [29–33] and with non-linear
simulations in general relativity [34–36], providing con-
vincing support to the proposal. Specifically, the early
work by [31] in the linearized regime showed that mas-
sive scalar fields surrounding stationary and non-rotating
BHs could indeed form such quasi-bound states as a re-
sult of the presence of a potential well due to the mass
term. These states decay at infinity and are character-
ized by a complex frequency whose real part represents
the actual oscillation frequency while the imaginary part
gives, depending on the sign, either their decay rate or
the growth rate, if a mode is superradiantly unstable.
The superradiant instability operates in rotating black
holes (but see [37] for an academic setup with a Reissner-
Nordstro¨m BH) where bosonic waves scattered off the BH
extract energy and angular momentum and increase the
energy of the field through the classical process of super-
radiance (see [38] and references therein). The nonlinear
realisation of superradiance in Kerr BHs was recently
shown by [39, 40] employing a vector (Proca) bosonic
field. The end-state of this process is the formation of
hairy BHs, i.e. Kerr BHs surrounded by either scalar
or vector hair, in which the bosonic field is in equilib-
rium (i.e. synchronized) with the BH [41, 42]. Recent
works [43–51] have investigated possible observational
signatures of the bosonic clouds through the detection
of the nearly monochromatic GWs they emit, providing
procedures to e.g. constrain the QCD axion [43], probe
ultra-light bosons in BBH inspirals through the analy-
sis of resonant transitions between growing and decay-
ing modes of the clouds [46] and estimate upper limits
for the detectability of ultra-light bosons through direct
GW searches [44, 45]. Recent attempts [51] promote the
use of third-generation ground-based GW detectors com-
bined with the spaced-based LISA mission to increase the
chances of detection using a multiband technique. We
also note that the direct detection of bosonic fields in
the form of bosonic stars has been recently proposed in
connection with GW190521 [52].
In this work we also investigate if GW measurements
can probe the existence of bosonic clouds around BHs
but we employ a different setup to that used in previous
works. We study if the presence of a scalar field cloud
might actually be established through its imprint on the
GWs from BBH mergers. Our goal is to show through
a combination of numerical-relativity simulations and
Bayesian inference if the actual network of GW inter-
ferometers can measure the differences in the waveforms
induced by the presence of scalar field clouds around the
coalescing BHs. To this aim we parameterize the cloud by
its mass µ˜ and its strength φ0. Our investigation reveals
that it may actually be possible to observationally dis-
tinguish BBHs without any scalar field from those with a
field strength of order φ0 & 5.5×10−3, at any fixed value
of µ˜ ∈ [0.3, 0.8], with 90% confidence or better, in single
detectors with aLIGO or AdV type sensitivity, up to dis-
tances of about 450 Mpc. At smaller distances (∼100-200
Mpc) even less strong fields might be distinguishable.
This paper is organized as follows: In section II we
briefly summarise our basic framework to study the dy-
namics of BBH mergers endowed with bosonic clouds.
Section III describes the numerical setup, the initial data,
and the results of the numerical simulations for varying
scalar-field parameters. The measurement and estima-
tion of these parameters through Bayesian inference are
discussed in Section IV and we close with Section V which
presents our conclusions. Appendix A provides specific
details on our numerical waveforms. Throughout the pa-
per we use natural units, c = G = ~ = 1.
II. BASIC FRAMEWORK
Our approach to model BBH mergers surrounded by
a scalar field environment considers a massive complex
scalar field interacting through gravity with the BHs.
The system is governed by the Einstein-Klein-Gordon
theory. Details of the formulation have been given in
[34, 53] which we briefly summarise here. We consider
a complex scalar field Φ minimally coupled to gravity
described by the action
S =
∫
d4x
√−g
(
1
16pi
R− 1
2
gαβ∇αΦ∗∇βΦ− 1
2
m2sΦΦ
∗
)
,
(1)
where R is the Ricci scalar associated with the met-
ric gαβ , with determinant g, and ms is the mass of the
field. The asterisk symbol indicates the complex conju-
gate operation and ∇α denotes the covariant derivative.
Minimizing this action with respect to the metric and
with respect to the scalar field yields the Einstein-Klein-
Gordon system:
Rαβ − 1
2
gαβR = 8piTαβ , (2)
and
gαβ∇α∇βΦ = m2sΦ , (3)
where Tαβ is the stress-energy tensor
Tαβ =
1
2
(∇αΦ∇βΦ∗ +∇αΦ∗∇βΦ)
−1
2
gαβ
(
gγσ∇γΦ∇σΦ∗ +m2sΦΦ∗
)
. (4)
In this set up, the self-gravitating scalar field interacts
with the binary through gravity by means of the space-
time metric described by Einstein equations.
Given the total mass of a gravitational system M , we
define the dimensionless parameter
µ˜ ≡ GMms
~c
(5)
3to characterize the scalar cloud. This parameter is the ra-
tio of the gravitational radius of the systemRg = GM/c
2,
and the Compton wavelength of the scalar field λc =
~/(msc).
The linear dynamics of scalar fields propagating on a
single, non-rotating BH background has been described
in [54]. It was found that regular scalar field con-
figurations in the form of quasi-bound states around
Schwarzschild BHs may survive in the vicinity of the com-
pact objects for a certain range of values of the scalar field
and BH masses. A detailed analysis of the scalar field
configurations including the spectrum of quasi-bound
states can be found in [55].
The description of the scalar field assumes a harmonic
time dependence, Φ(t, ~r) = φ(~r)e−iωt, with ω a com-
plex number whose real part indicates the oscillating fre-
quency and whose imaginary part determines the decay
rate of the field. For small values of the dimensionless
parameter µ˜ it was found that the decay rate of the
quasi-bound states decreases as a power law of µ˜. In
this limit one can distinguish two regimes for the com-
bination of the scalar field and BH masses for which the
scalar field configurations may live around the central ob-
ject for longer times than the age of the Universe. The
first one occurs when the scalar field mass is of the order
of 1 eV and the BH has a mass smaller that 10−17M.
The second regime corresponds to an ultra-light scalar
field with mass smaller than 10−22 eV and to a super-
massive BH with mass smaller than 5× 1010M. These
scenarios correspond, respectively, to axion distributions
of a scalar field around primordial BHs and dark matter
halos around supermassive BHs in the centers of galax-
ies [56]. For stellar size BHs as the ones employed in
this work with mass ∼ 40M, the mass of the particle
corresponds to ∼ 10−12 eV.
III. NUMERICAL SIMULATIONS
In order to write Eqs. (2) and (3) as an evolution sys-
tem suitable for numerical integration we formulate the
Einstein-Klein-Gordon system using the BSSN formula-
tion [57–59] (see also [60, 61]). Our numerical simula-
tions are performed using the open source Einstein-
Toolkit infrastructure [62–64]. In addition, the Car-
pet package [65, 66] is used for mesh-refinement capa-
bilities, BH apparent horizons are found using AHFind-
erDirect [67, 68], and the left-hand-side of the Einstein
equations is solved using the MacLachlan code [69].
The method-of-lines with a fourth-order Runge-Kutta
scheme is employed to integrate the time-dependent dif-
ferential equations.
A. Initial data
To set initial data suitable for numerical evolution us-
ing the “moving punctures” technique we take advan-
tage of the Bowen-York construction for two BHs in vac-
uum [70]. A nontrivial analytic solution of the momen-
tum constraint equation, thus, can be found [71] and the
Hamiltonian constraint equation can be solved using the
puncture approach [72–74]. Once the Hamiltonian and
momentum constraints are solved we introduce a nonzero
scalar field distribution. The addition of the scalar field
to the binary system introduces violations of the con-
straints. However, our results regarding GW emission
show that the initial violation produces only a weak spu-
rious GW signal as long as the amplitude of the scalar
field φ0  1 for µ˜ ≈ 1.0.
In our study we mainly focus on the post-merger char-
acteristics of the gravitational waveforms. Therefore, for
simplicity, we initiate our simulations when the two BHs
are in their last orbit prior to merger using initial data
for a quasi-circular orbit [75, 76]. The BHs are posi-
tioned at (x, y, z) = (−1.168M, 0, 0) and (1.168M, 0, 0),
having linear momentum vectors (0,−0.333M, 0) and
(0, 0.333M, 0).
Our simulations are performed for a non-spinning,
equal mass (m1 = m2 = 0.453M) BBH system which
is surrounded by a scalar field cloud initially shaped in
the form of a Gaussian distribution, Φ = φ0 e
−(r−r0)2/λ2
centered at radius r0 = 0, where φ0 is the initial ampli-
tude and λ is its half width. We simulate a series of con-
figurations varying the amplitude φ0 between 1.0× 10−5
to 1.0× 10−2 and employing a dimensionless scalar field
mass parameter µ˜ < 1.0. We have observed that due
to the choice of constraint-violating conditions caused by
the presence of the cloud numerical inaccuracies domi-
nate the evolution of the system for values of µ˜ of order
10−2. Therefore, such values are not considered. On
the other hand, high-amplitude fields (φ0 ≈ 0.01) trigger
their collapse inside the horizon while very low-amplitude
fields (φ0 < 5.0 × 10−4) lead to evolutions that are al-
most indistinguishable from the pure vacuum BBH case.
Keeping this in mind, we simulate a fiducial number of
18 configurations, setting the scalar field mass parameter
µ˜ in the range from 0.3 to 0.8 for three scalar field ampli-
tudes, namely φ0 = 3.5×10−3, 4.5×10−3, and 5.5×10−3.
These simulations are compared with the vacuum BBH
merger case in the absence of any scalar field.
The mass of the cloud is kept sufficiently small, com-
pared to the total BBH mass, to ensure that the violation
of the constraints does not represent a major drawback
of our initial data. For rotating BHs there is a mecha-
nism (superradiance) that allows the cloud to grow up to
about 10% of the mass of the BH. We take this value as
an upper bound for the mass of the cloud (which scales
quadratically with φ0) assuming there is no other mech-
anism to grow the cloud. In addition we choose λ = 15
which yields a size for the scalar cloud comparable to the
physical size of the BHs. Much larger values of λ cor-
respond to cloud masses that would result in significant
constraint violation in our numerical evolution. Much
smaller values (that are still larger than the gravitational
radius of the system) would require large field amplitudes
4to leave any noticeable imprint in the merger waveforms.
The effect of varying λ, along with the contribution of
the inspiral part of the GW signal in our results, will be
explored in more detail in a future work.
The numerical evolutions are performed on a Carte-
sian grid with a domain size of (−320M, 320M) for all
three dimensions. However, we apply reflection symme-
try in the z direction; thus, the computational domain
in that direction is (0, 320M). The numerical grid has
9 refinement levels, starting with two centers located at
each puncture, and with resolution {(320, 160, 80, 40,
20, 5, 2.5, 1.25, 0.625)M , (8, 4, 2, 1, 0.5, 0.25, 0.125,
0.0625)M}. The first set of numbers indicates the spa-
tial domain of each level and the second set indicates the
resolution.
B. Results of the numerical evolutions
Our goal is to highlight possible imprints of the pres-
ence of scalar field clouds in the gravitational waveforms
produced during a BBH merger. GW signals are ob-
tained from the simulations by computing the Newman-
Penrose scalar Ψ4 defined in terms of the Weyl tensor
Cαβγδ [77] as
Ψ4 = Cαβγδk
αm¯βkγm¯δ , (6)
where k and m¯ are two components of the null tetrad l, k,
m, m¯, that satisfy ` ·k = −1 and m ·m¯ = 1, and all other
inner products are zero. At a given extraction radius rext
we perform a multipolar decomposition by projecting Ψ4
onto a spherical harmonic basis of spin weight s = −2 as
Ψ4(t, r, θ, ϕ) =
∑
`,m
ψ`,m4 (t, r)−2Y`,m(θ, ϕ) (7)
whose relation with the second time derivative of the two
polarizations of the GW strain is given by
ψ`,m4 (t, r) = h¨
+
`,m − ih¨×`,m . (8)
We use the post-processing python package pyGW-
Analysis [78] to convert Ψ4 data to GW strain. Fig-
ure 1 displays the real part of the dominant quadrupolar
(l = m = 2) mode of the GW strain (h+) for varying
values of the mass of the scalar field and of its initial am-
plitude. The signal is extracted at rext = 40M and tpeak
refers to the instant of time when the norm of the strain
waveform, |h2,2|, reaches its maximum. This figure shows
that the presence of the scalar field produces a shift in
the signal compared to the vacuum BBH case. This shift
is most visible in the ringdown part of the signal and
becomes larger the larger the values of µ˜ and φ0.
The stronger and faster damping observed during the
ringdown in the presence of high-amplitude scalar fields
is highlighted in Figure 2. This figure compares the wave-
forms for φ0 = 3.5×10−3 and 5.5×10−3, both for µ˜ = 0.5,
with a BBH merger with no scalar field content. In order
FIG. 1. The l = m = 2 mode of the real part of the GW strain
h+ extracted at rext = 40M . Different curves correspond to
varying values of the scalar field mass parameter µ˜ for the
field amplitude φ0 = 3.5× 10−3 (top panel), φ0 = 4.5× 10−3
(middle panel), and φ0 = 5.5× 10−3 (bottom panel).
5FIG. 2. Comparison of the ringdown quadrupolar GW strains
of BBH mergers with and without scalar field content. The
former corresponds to the µ˜ = 0.5 case with φ0 = 3.5× 10−3
and 5.5× 10−3. The labels here are the same as in Fig. 1.
to quantify this effect and to study the distinguishability
of φ0 in actual GW observations, we carry out Bayesian
inference with our waveform models. This is discussed in
the next section.
IV. MEASURING SCALAR FIELD
PARAMETERS IN OBSERVATIONS OF BBH
MERGERS
With multiple BBH merger detections in the past and
several tens to hundred expected in ground-based detec-
tors in the coming years, it will likely become possible
to distinguish BBHs with sufficiently large scalar field
amplitudes from those without any such field – or at
least constrain the presence of such fields in BBH merg-
ers. To estimate how precisely one will be able to do
so, we fitted several models to the post-merger parts
of our numerical-relativity waveforms, out of which the
chirp sine-Gaussian waveform model came out to be the
most suitable one – partly motivated by the exponentially
damped sinusoid nature of the signal in the absence of
a scalar field (see, e.g., [79, 80] and references therein).
This is due to both its simplicity in structure and the
small number of parameters it employs, as well as to its
very high match (& 95%) with the numerical waveforms.
The chirp sine-Gaussian form is described by the GW
strain
g(t; f0, Q, κ) ≡ Ae−4pi2f20 t2/Q2 cos(2pif0t+ κt2) , (9)
where Q is the quality factor that dictates the damp-
ing time, f0 the central frequency of the sinusoid, and κ
the “chirp parameter” quantifying the rate of change of
frequency with time (see [81] for details).
A. Bayesian parameter estimation
To assess how well the analytical model of our ring-
down signals in Eq. (9) matches the numerical wave-
forms, and the precision as well as accuracy with which
one can measure the BBH and scalar field parameters,
we use Bayesian inference. The code employed to im-
plement it on our simulated detector data and signals
is Bilby [82], which is primarily designed for inferring
the parameters of compact binary coalescence signals. It
provides both Nested sampler and Markov Chain Monte
Carlo (MCMC) sampler options for computing the pa-
rameter posteriors of modeled waveforms. In our study
we used the nested sampler “Dynesty” [83, 84] since it is
a more appropriate choice when only a few parameters
characterize a large set of waveforms.
To perform this Bayesian analysis, the numerical wave-
forms are scaled such that for each set of parameter error
estimates, the source is always kept at a fixed distance,
namely at 450 Mpc. Increasing the source distance leads
to an increase in parameter errors that can make it diffi-
cult to distinguish the scalar-field values simulated here.
We use the IMRPhenomD waveform templates [85,
86] with lower-frequency cut-off set high enough in our
analysis so as to utilize only the post-merger parts of the
signals for computing the signal-to-noise ratios (SNRs)
and the parameter estimates. In particular, parameter
estimation is performed using the quadrupolar (l = m =
2) mode of the GW strain waveform as described in Sec-
tion III B. We truncate every waveform such that only
the cycles following the peak amplitude are retained. All
waveforms are injected in simulated zero-mean, colored
Gaussian noise using the aLIGO’s zero-detuned-high-
power noise power spectral density (PSD) [87]. The time-
axis of the numerical waveform was scaled by setting up
the component masses such that the signal frequency lies
in the aLIGO sensitivity band. The component masses
that we need for this purpose are of the order of 40M
and the mass of the scalar particle is in the range be-
tween 0.5×10−12 eV and 1.4×10−12 eV. Further details
about the procedure are provided in Appendix A.
The priors used for the parameters Q and f0 are uni-
form, with Q ∈ [6, 14] and f0 ∈ [140, 190] Hz and the
likelihood used is Gaussian with sigma set equal to the
standard deviation of aLIGO noise. The posteriors thus
calculated give us the estimated values and the 1σ error
bars. Some illustrative corner plots of those posteriors
are shown in Fig. 3. As mentioned before, we consider
three scalar-field cases with µ˜ ranging from 0.3 to 0.8.
In physical units this corresponds to 0.7 × 10−12 eV -
1.8× 10−12 eV for BBH with each component of the or-
der of 30M and to 3.4 × 10−13 eV - 9 × 10−13 eV for
BBH with 60M components.
The κ parameter is fixed to 13000 Hz2 in all cases as
we observed it does not vary much for different values
of φ0 and µ˜. It only shows a variation of 15% when set
free but does not have much effect on the match (which
changes by < 1%). A list of estimated parameters is
6FIG. 3. Corner plots showing the posterior distributions of f0 and Q of our chirp sine-Gaussian waveform model for φ0 =
3.5× 10−3 (left), φ0 = 4.5× 10−3 (middle), and φ0 = 5.5× 10−3 (right). All three cases correspond to µ˜ = 0.50.
Best Parameter fits for 100 Mpc
φ0 and µ˜ Q f0 (Hz)
0; 0 (no scalar field) 9.89+34−32 173.54
+0.98
−0.94
Case φ0 = 3.5× 10−3
0.30 9.66+0.32−0.32 169.76
+0.96
−0.99
0.40 9.62+0.31−0.31 169.25
+0.93
−0.94
0.50 9.60+0.31−0.31 168.76
+0.99
−0.99
0.60 9.56+0.30−0.30 168.28
+0.96
−0.95
0.70 9.53+0.30−0.31 167.83
+0.94
−1.00
0.80 9.51+0.30−0.32 167.21
+0.96
−1.01
Case φ0 = 4.5× 10−3
0.30 9.51+0.31−0.30 167.39
+0.94
−0.95
0.40 9.47+0.31−0.31 166.52
+0.95
−0.92
0.50 9.40+0.30−0.30 165.87
+0.97
−0.94
0.60 9.34+0.31−0.30 165.06
+0.95
−0.96
0.70 9.28+0.31−0.29 164.24
+0.99
−0.96
0.80 9.22+0.28−0.29 163.35
+0.93
−0.98
Case φ0 = 5.5× 10−3
0.30 9.32+0.29−0.31 164.43
+0.92
−0.96
0.40 9.23+0.28−0.30 163.26
+0.96
−1.02
0.50 9.14+0.29−0.29 162.22
+0.99
−0.98
0.60 9.06+0.28−0.29 161.16
+0.96
−0.99
0.70 8.99+0.28−0.30 159.87
+0.97
−0.94
0.80 8.89+0.28−0.28 158.48
+0.96
−0.95
TABLE I. Variation in medians and 90% errors in Q and f0
with φ0 and µ˜. Here µ˜ varies from 0.3 to 0.8 for three values
of the scalar field: φ0 = 3.5×10−3, 4.5×10−3 and 5.5×10−3.
The error bars are for a source distance of 100 Mpc. These
variations are plotted in figures 6 (left panel) and 7.
shown in Table I and II for a source distance of 100 Mpc
and 450Mpc respectively. With these estimated parame-
ters our model gives more than 99% match with the post
merger part of the waveform, as shown in Fig. 4 for the
particular case φ0 = 5.5× 10−3 and µ˜ = 0.5.
To validate our parameter estimation method we per-
formed some tests by checking how accurate it estimated
Best Parameter fits for 450Mpc
φ0 and µ˜ f0 (Hz)
0; 0 (no scalar field) 174.00+4.19−4.34
Case φ0 = 4.5× 10−3
0.30 168.10+4.44−4.22
0.40 167.29+4.45−4.41
0.50 166.67+4.60−4.45
0.60 165.81+4.49−4.38
0.70 165.00+4.52−4.39
0.80 164.10+4.70−4.50
Case φ0 = 5.5× 10−3
0.30 165.29+4.39−4.31
0.40 164.08+4.56−4.42
0.50 163.14+4.45−4.48
0.60 162.14+4.60−4.61
0.70 160.95+4.54−4.58
0.80 159.65+4.65−4.72
TABLE II. Variation in medians and 90% errors in f0 with φ0
and µ˜ for a source distance of 450 Mpc. These variations are
plotted in the right panel of Fig. 6. The values for parameter
Q are not included in the table as their error bars overlap
with the no-scalar-field case.
the parameters f0, Q and κ of simulated chirping sine-
Gaussian signals. For this purpose, we varied κ from
12000 to 14700 Hz2 in steps of 300 Hz2. We did it for two
cases. In the first case we fixed f0 = 157.0 Hz, Q = 9.2
and in the second case f0 = 145.0 Hz, Q = 8.6. The
results, shown in Fig. 5, demonstrate the effectiveness of
our method in recovering the signal parameters.
B. Revealing scalar fields properties by measuring
f0
The signal parameter f0 is an accurate tracker of the
strength of the scalar field, φ0, so long as we allow for its
7FIG. 4. Comparison of the post-merger waveform against the
chirp sine-Gaussian fitted model for the case φ0 = 5.5× 10−3
and µ˜ = 0.5. It yields more than 99% match.
FIG. 5. Results of our validation study for f0 (top), Q (mid-
dle), and κest (bottom) for varying values of κ.
variation with the parameter µ˜. It is worth mentioning
that for a fixed value of µ˜, as the value of φ0 increases
the mass of the scalar field cloud grows. We use the
chirping sine-Gaussian templates in Bilby, as given by
equation (9), to measure the values of f0, along with Q,
for the multiple numerical-relativity waveforms simulated
for various scalar field configurations. Specifically, we
Model Coefficients
φ0 a (Hz) b (Hz)
0.0035 -5.0 171.3
0.0045 -8.0 169.8
0.0055 -11.7 168.0
TABLE III. Coefficients of fitting model for f0, described by
Eqs. (10) for the three values of the scalar field, φ0 = 3.5 ×
10−3, 4.5× 10−3 and 5.5× 10−3 at 100 Mpc.
performed parameter estimation for our three values of
φ0, namely, 3.5 × 10−3, 4.5 × 10−3, and 5.5 × 10−3, as
well as for our six values of µ˜ ranging from 0.3 to 0.8.
This range of values of φ0 allow us to study scalar clouds
having less than 10-15% of the mass of the binary.
Figures 6 and 7 show the variation of model parame-
ters f0 and Q, respectively, with the numerical waveform
parameter µ˜. The closer the source the better the re-
sults. If the source is at 100 Mpc (left panel of Fig. 6 and
Fig. 7) for which the match-filtering SNR value using the
post-merger part of template is ≈ 210, the error bars in
the measurements of Q are overlapping for our choices of
scalar field strengths. However, the error bars in f0 are
separate and all of the 18 cases considered can be distin-
guished from one another, and from the no scalar-field
case (with error and median values shown in Table I).
We note that even if the source is at a distance of 200
Mpc, one finds that the error-bars for f0 remain sepa-
rable for much of the µ˜ range studied here. However,
at larger source distances the situation worsens and it
is only possible to distinguish stronger scalar fields from
the no-scalar-field BBH mergers. This is shown in the
right panel of Fig. 6 for a source located at 450 Mpc for
which match-filtering SNR value using post-merger part
of template is ≈ 45, a distance around or above the values
at which most GW signals from BBH coalescence events
are observed by the Advanced LIGO and Advanced Virgo
detector network.
With the previous results we can attempt to fit f0 as
a function of µ˜
f0(µ˜) = aµ˜+ b . (10)
The fits corresponding to the different values of φ0 for
the source at a distance of 100 Mpc are plotted in Fig. 8.
Values of the coefficients a and b are listed in Table III.
As can be seen from the fits (Table III) and figures 6 and
8, the frequency f0 shows a clear dependence on φ0 and
µ˜ and its measurement can be used to put bounds on the
characteristics of the source.
To quantify it further we plot in Fig. 9 isocontours of
f0(µ˜, φ0). An isocontour of f0 specifies the region of the
parameter space that is allowed by the measured value
of f0. For example, if an observed GW signal has a fre-
quency f0 = 166 Hz, then this implies that in the range
µ˜ ∈ [0.3, 0.8], φ0 must lie between ∼ 3.8 × 10−3 and
∼ 5.0× 10−3. Since the measured f0 value will typically
lie in a confidence interval, the range of φ0 too will have
a corresponding spread. Furthermore, if the value of Q
8FIG. 6. (Left Panel) The medians and 1σ error regions (with interpolations) of the f0 posteriors plotted as functions of µ˜
for the three values of φ0 and for a source located at a distance of 100 Mpc. The filled circles denote the values of µ˜ where
the posteriors were individually computed. The value of f0 for the no-scalar field case is 173.54
+0.98
−0.94 Hz and it is shown as a
horizontal line in the plot for reference. (Right Panel) Plot of f0 vs µ˜ for source distance of 450 Mpc. The frequency estimate
for the no-scalar field case, f0 = 174.0
4.19
4.34, cannot be distinguished from the estimate for the φ0 = 3.5× 10−3 case for µ˜ < 0.7;
it can, however, be distinguished from the φ0 = 4.5 × 10−3 case for all µ˜ except close to 0.3. The figure also shows that the
φ0 = 4.25× 10−3 case is the limiting value of φ0 that can be distinguished from the no-scalar field case, close to µ˜=0.8
FIG. 7. Median and 1σ error regions of the Q posteriors as
a function of µ˜ for φ0 = 5.5× 10−3 and φ0 = 4.5× 10−3 and
for a source at a distance of 100 Mpc. The value of Q for the
no scalar field case is 9.89+34−32.
can be measured as well with some precision, then along
with f0 it will provide a measurement of the important
quantity µ˜ characterizing the scalar field cloud. As sug-
gested by Fig. 7 this quest might be elusive unless we
detect a golden binary with a large SNR.
FIG. 8. Linear fits for f0 as a function of µ˜, f0(µ˜) = aµ˜ + b,
for our three values of φ0.
V. CONCLUSIONS
Massive scalar fields surrounding stationary and non-
rotating BHs can form long-lived, quasi-bound states, or
clouds, as a result of the presence of a potential well due
to the mass term [55]. For rotating BHs, the superradi-
ant instability [38] leads to the formation of hairy BHs –
Kerr BHs surrounded by bosonic (scalar or vector) hair
in which the frequency of the field is synchronized with
the angular velocity of the BH [41, 42]. Using numeri-
cal reativity simulations we have studied mergers of BBH
9FIG. 9. Isocontours of f0 in the φ0 - µ˜ plane for a source at
100 Mpc.
systems dressed in such scalar field clouds. Our aim has
been to find out whether GW observations of BBH merg-
ers could constrain the physical characteristics of a scalar
field cloud surrounding those compact binaries. We have
considered equal mass BBH systems endowed with Gaus-
sian distributions of scalar field clouds parameterized by
their mass µ˜ and strength φ0, analyzing the imprints on
the GWs generated during the mergers. We have numer-
ically simulated the last three quarters of the final orbit
prior to merger for a large set of initial models, restricting
our analysis to the post-merger phase.
The waveforms extracted from our simulations have re-
vealed that larger values of µ˜ or φ0 cause bigger changes
in the amplitude and frequency of the ringdown part of
the signals. The ringdown signals of our mergers can be
simulated analytically as chirping sine-Gaussians, char-
acterized by only three parameters, returning match val-
ues with our numerical-relativity waveforms in excess of
95%. This is not surprising since BBH ringdown sig-
nals in General Relativity are damped sinusoids that can
be modelled with only two parameters [88]. Using our
chirping sine-Gaussian signal model we have carried out
computationally expensive Bayesian studies for estimat-
ing the parameters of BBH binaries endowed with scalar
field clouds. We have been able to establish that the cen-
tral frequency of the model, f0, has a strong dependence
on the scalar-field strength φ0 and a weak dependence
on µ˜. Therefore, at a fixed value of µ˜, a measurement
of the signal parameter f0 leads to a measurement of φ0.
In particular, we have shown that it is possible to distin-
guish from observations of BBH mergers at distances of
450 Mpc, BBHs without any scalar field from those with
a field strength φ0 = 5.5 × 10−3, at any fixed value of
µ˜ ∈ [0.3, 0.8], with 90% confidence, or better. We have
shown that aLIGO may have the potential to distinguish
between the GW signal produced by a BBH system with
components of 40M if the binary is immersed in a cloud
of boson particles with masses between 5 ×10−13 eV and
1.4 ×10−12 eV from the BBH with the same range of
masses in vacuum.
While in this investigation we have limited ourselves to
single BBH observations, we note that by combining mul-
tiple BBH detections, one may be able to constrain the
scalar field configurations in these mergers collectively for
populations. Such an exercise will be similar to stacking
ringdown signals from multiple BBH signals to, e.g., test
the no-hair theorem. In our case, however, a straight-
forward extension to populations is complicated by the
possibility that the scalar field parameters may vary from
one BBH source to another. Similarly, it would be inter-
esting to explore if BBH observations can be used to de-
termine or constrain the mass of ultra-light bosons. We
plan to pursue these prospects in a future work.
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Appendix A: Pre-parameter estimation treatment of
numerical data
Since the numerical waveforms are computed here in
terms of ψ4, as functions of time in code units of the
Einstein toolkit [63], it is necessary to convert the ψ4
data into GW strain data and convert the code time
units into seconds (physical units) so that they are usable
for GW observations and parameter measurement projec-
tions. Here we show how such a conversion is done. The
conversion from code units to seconds depends on the to-
tal mass of the system Mtotal. This fact can be used to
adjust the BBH mass so as to bring the frequency pa-
rameter of the numerical waveforms into aLIGO’s most
sensitive region band, namely, 100-200 Hz.
Moreover, Some care must be borne when computing
the match with numerical relativity (NR) waveforms, as
we explain below:
1. The NR simulations produce ψ4 data for our vari-
ous scalar field configurations. Therefore, for GW
data analysis, we first construct GW strain wave-
forms from these data.
2. For labeling the time-points of the strain data in
physical units, we used the following conversion
t(in sec) = Mtotal × MG
c3
∗ (cctk time) (A1)
where cctk time refers to the code time units in the
Einstein Toolkit [63].
3. Each waveform strain time-series was chopped, re-
sampled and zero padded to prepare it for our anal-
ysis with only the post-merger piece (i.e. the part
of the NR waveform that starts at the time-point
where the peak amplitude is attained in the time-
domain); see Fig. 4.
4. As we wanted our waveforms in the aLIGO sen-
sitivity band, we chose the masses such that the
frequency parameter falls in that region. To get
the approximated value of those masses we cal-
culated the match of numerical waveforms with
the IMRPhenomD[85, 86] template in the region
(100,200)Hz[the approx aLIGO sensitivity band].
The match comes out to be very high in the mass
region of 30− 60M. On this bases we chose com-
ponent masses to be 40M.
5. We also calculated frequency of the numerical wave-
forms by measuring the half cycle and concluded
that we need around 40 − 40M BBH to get our
frequency in aLIGO sensitivity band.
6. In our study we analysed numerical waveforms at
different source distances. This we achieve by mak-
ing the peak amplitude of numerical waveforms
equal to the PyCBC[89] generaed IMRPhenomD
template for the distance we want to study.
